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Injection of saturated air has been investigated as a method to enhance nucleation rates in batch 
crystallizers. When using probability distributions of induction times, the slope of the 
distribution gives an indication on the rate of primary nucleation, while the intercept shows the 
time elapsed from formation of the first crystal to detection by the instrument. Injecting gas 
throughout the entire period, we obtained a 5-fold reduction in the detection delay for two model 
compounds, demonstrating that the flowing gas was able to promote secondary nucleation and 
crystal growth. While primary nucleation was impacted by mixing intensity for both compounds, 
only one of them exhibited a detectable change with air injection.    
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ABSTRACT  
From disruption of the supersaturated solution to improved mass transfer in the crystallizing 
suspension, the introduction of a moving gas phase in a crystallizer could lead to improved rates 
of nucleation and crystal growth. In this work, saturated air has been injected to batch 
crystallizers to study the effects on formation of the first crystal and subsequent turbidity build-
up. To account for the typically large sample-to-sample variation, nucleation rates were 
evaluated for a large number of replicates using probability distributions of induction times. The 
slope and the intercept of the distributions were studied independently, allowing the 
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simultaneous determination of the mean induction time and a certain detection delay related to 
the rate of crystal growth after formation of the first nucleus. Injecting saturated air in aqueous 
glycine solutions, the average detection delay was reduced from 69 min to 13 min, and the mean 
induction time decreased from 128 min to 36 min. The effect on aqueous solutions of L-arginine 
was less apparent, with a detection delay reduction from 15 min to 3 min, and no significant 
changes on the rate of primary nucleation. These results demonstrate the potential of this 
technique for reduction in nucleation induction time and improved mass deposition rates in 
crystallization operations. 
INTRODUCTION 
Crystallization is an important separation technique that is extensively used in the chemical, 
food and pharmaceutical industries. Especially in pharmaceutical production, the crystallized 
solids are subject to strict quality requirements regarding crystal purity, polymorphism and size 
distribution.1 Nucleation plays a fundamental role when defining these quality attributes. Thus, 
an important part of the recent crystallization research is aimed at achieving a better 
understanding of this phenomenon.2  
Transition to the crystalline phase starts with the formation of the first nucleus in a 
supersaturated solution. This event is stochastic and based on a certain probability that is related 
to the primary nucleation rate.3-5 Several factors can affect the probability of observing a primary 
nucleation event in a crystallizer, mainly: sample volume, supersaturation, temperature, mixing 
and the presence of impurities.5,6 Once the first nucleus is formed, solute crystals are present in 
the system and secondary nucleation can occur. Systems with crystals present have the advantage 
of producing additional nuclei through secondary nucleation thus increasing the mass deposition 
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rate due to the higher surface area present in the crystalline phase. Secondary nucleation is highly 
dependent on agitation and becomes the predominant nucleation mechanism at low 
supersaturations.6 For the operation of industrial crystallizers, understanding the rates of 
nucleation and crystal growth is critical to obtain a product with the right size and form.1,7 A 
method to selectively enhance one of the two rates can therefore lead to significant advantages in 
process control.  
The use of probabilistic methods to investigate nucleation kinetics dates back from more than 
60 years. Some of the first studies were based on solidification in small droplets, using 
supercooled mercury, tin and water.8-10 In recent work, probability distributions of induction 
times have been applied for the evaluation of new methods for control of nucleation rates and 
polymorphism by using polymer surfaces or gels.11-14 The extended use of primary nucleation 
studies led to the development of novel equipment employing microfluidics to accommodate a 
large number of replicates in a single experiment.15-17  
Dispersion of a saturated gas in the active crystallization volume has been postulated to 
enhance primary nucleation through different mechanisms. Bubble flow and collapse cause a 
mechanical disruption in the supersaturated solution that could have a similar effect to that seen 
with the application of mixing. In addition, it is frequently stated that the gas-liquid interphase 
could promote nucleation by acting as a heterogeneous nucleation site.18-22 In systems limited by 
mass transfer, mixing induced by the flowing gas would enhance the rate of crystallization at 
constant supersaturation. When solute crystals are present, perturbations in the flow direction 
would promote the contact frequency between crystals and enhance the rate of secondary 
nucleation. These mechanisms would be the most interesting for industrial crystallization, as they 
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would allow gas recirculation without pre-treatment. Alternatively, cold unsaturated gas could be 
used as a means to induce local supersaturation changes by solvent evaporation and heat transfer. 
Previous studies have dealt with the application of gassing to induce nucleation in batch 
crystallizers.20-23 However, due to the complexity of the system and the various ways that gassing 
could influence primary nucleation, the mechanism is not yet fully understood.  
In this study, a probabilistic approach based on induction times has been applied to 
crystallization under air injection. The statistical significance of kinetic changes caused by the 
application of gas is evaluated taking into account the existing variation between induction time 
measurements. The experiments are carried out under continuous saturated air injection and 
carefully designed to minimize the impact of heat transfer, evaporation or gas expansion on 
supersaturation of the metastable solutions. Combining the use of probability distributions and a 
detection method based on sample turbidity allowed decoupling the average time for crystal 
formation from the time required to achieve a certain solution turbidity. Thus, this study deals 
with the effect that the presence of a flowing gas would have on (1) the time for formation of the 
first crystal and (2) turbidity build-up after the first nucleation event.  
 
EXPERIMENTAL SECTION 
Materials. Glycine (≥99.5% purity) was purchased from Alfa Aesar, Haverhill, USA. L-
arginine (≥98% purity) was purchased from Sigma-Aldrich, St. Louis, USA. Deionized water 
was used as the solvent for both compounds. For the experiments involving gas injection, 
compressed air from the laboratory general supply was selected as the gas phase. 
Experimental setup. A schematic of the experimental setup for the air injection experiments 
is illustrated in Figure 1. The air feed is mixed with steam in a boiler and passed through two 
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condensers to remove the excess water. A temperature/relative humidity data logger (Sper 
Scientific, Scottsdale, USA) is connected to the end of the second condenser to monitor the air 
properties. Based on the logged data, the heat supplied to the boiler and the temperature of the 
cooling water are manually adjusted to keep the air saturation with solvent above 95% at 25 °C. 
The saturated air is distributed to 16 parallel crystallizers through a set of manifolds, and the 
flow rate at each of the streams is adjusted with an independent needle valve. Air injection is 
conducted through PEEK™ tubing (Upchurch Scientific®; ID: 0.75 mm, OD: 1/16”), immersed 
27 mm from the top of the vial cap. To prevent leaks in the setup and cooling from air expansion, 
the pressure of the injected air is measured with a manometer and kept below the lower detection 
limit (0.34 barg). Accordingly, air cooling from Joule-Thomson expansion is maintained under 
0.08 °C.24 A Crystal16® multiple reactor setup (Avantium Research & Technology) is used to 
control the temperature and agitation rate in the crystallizers. The crystallizers are cylindrical 
vials with a maximum capacity of 2 ml and 10 mm internal diameter. Sample mixing is obtained 
through magnetic stirring with PTFE agitation bars (cylindrical, 8 mm x 3 mm). During the 
induction time measurements, the nucleation event is detected by the Crystal16® unit as a drop in 
light transmission through each sample. 
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Figure 1. Schematic diagram of the experimental setup for the induction time measurements 
with saturated air injection. 
Sample preparation and Crystal16® program. 60 g stock suspensions are prepared with 
different weight fractions of the corresponding solute and demineralized water. These 
suspensions are dissolved at 60 – 70 °C before the clear solution is pipetted to the sample vials. 
A sample volume of 1.40 ml is selected for the experiments throughout this work. 
To ensure that the induction time measurements start from a crystal free solution, the unit is 
programmed to pre-heat the samples to at least 10 °C above their saturation temperature for 30 
minutes. The samples are then quenched (3 minutes) and the induction times are measured at 25 
°C with a studied time frame of 300 minutes for glycine and 150 minutes for L-arginine. 
Induction time measurements at variable supersaturations. A first set of induction time 
measurements was conducted to quantify the effect of supersaturation on nucleation and growth 
kinetics. These experiments have three functions: (1) to demonstrate that the induction times 
follow a Poisson distribution for the studied range of kinetics, (2) to determine a supersaturation 
ratio for the experiments with air injection, and (3) to study the sensitivity of each solute to 
concentration changes that could arise from solvent evaporation. The measurements were 
conducted at 300 rpm and in the absence of injection tubing. The studied supersaturation ratios 
are 1.20, 1.23, 1.26, 1.31, 1.42 for glycine25 and 1.23, 1.29, 1.35, 1.46, 1.58 for L-arginine.26 
Here, the supersaturation ratio is defined as S = C/Csat, where C is the solute weight fraction at 
the stock solution and Csat is the solute weight fraction at the saturated solution at 25 °C. 
Crystallization under continuous air injection. A series of induction time measurements 
were conducted using the setup illustrated in Figure 1. These experiments were performed with 
different air flow rates while keeping a constant supersaturation and mixing (300 rpm) in the 
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samples. Reference measurements were conducted without air injection while using the same 
tubing and immersion.  
The temperature of the samples was kept at 25 °C throughout the induction time measurements 
to prevent condensation and significant cooling in the manifold system. The supersaturation 
ratios for the aqueous glycine and L-arginine solutions were maintained at 1.20 and 1.23, 
respectively. These values were carefully selected so that at least 50% of the samples crystallize 
within the measurement time frame, giving enough points for data treatment, and to ensure that 
the detection delays are large enough to study changes in the rate of turbidity build-up. Lower 
supersaturations were avoided as the attainable turbidities were not high enough for a clear 
detection. 
The temperature of the samples at the pre-heating step was maintained at 50 °C for all the 
samples. To minimize solvent evaporation during this step, the air flow was disconnected until 
two minutes before crash cooling. The air flow rate was then visually adjusted for each of the 
streams and the system was videotaped for later quantification of the flow rate.  
At the end of the experiments, the weight loss was measured for each of the samples to 
quantify the effect of solvent evaporation on supersaturation. Then, the crystallized samples were 
filtered together and washed with demineralized water. To identify possible changes in the 
crystallized polymorphs, X-Ray Powder Diffraction (XRPD) patterns of the filtered crystals were 
obtained for 2θ between 5˚ and 40˚ using an X’PertPro PanAnalytical diffractometer.  
Effect of increased mixing on primary nucleation. As an approach to study the mechanism 
behind the system behavior with air injection, induction time measurements were conducted at 
constant supersaturation with mixing intensities of 500 rpm and 700 rpm. These measurements 
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provide with a quantitative indication on the sensitivity of the system to changes in the mixing 
conditions. The experiments were performed in the absence of injection tubing. 
Theoretical basis and data treatment. In this work, the observed effects on crystallization 
kinetics have been evaluated on the basis of probability distributions of induction times. For an 
unseeded system, the time elapsed between the achievement of a constant supersaturation ratio 
until formation of the first nucleus has been defined as the induction time. The first nucleation 
event does not occur at a fixed point in time but it is based on a certain probability, which is a 
function of the primary nucleation rate and the sample volume. For a system with constant 
volume, changes in the rate of primary nucleation can be studied from the slope of a Poisson 
distribution containing the induction time measurements for a large number of replicates.9  
In practice, the nucleation event is not observed until the crystals have grown to be detectable. 
Different detection methods can lead to significant variations in the observed induction times. 
For methods based on microscope observations, the formed nucleus has to grow to a certain size 
before the nucleation event is confirmed. When detection is based on turbidity measurements, a 
certain extent of crystallization will be required through primary nucleation, secondary 
nucleation and crystal growth. For agitated systems at low supersaturation, secondary nucleation 
and crystal growth tend to be the dominant mechanisms for turbidity build-up. This mechanism 
is illustrated in Figure 2 and further evaluated in the discussion section. 
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Figure 2. Illustration of the steps from achievement of a constant supersaturation to nucleation 
detection from sample turbidity. 
For the same detection instrument and using systems with sufficient agitation, the minimum 
detectable turbidity will have a fixed value. Thus, variations in the rates of crystal growth and 
secondary nucleation can be studied from variations in the observed detection delay. 
In this work, the induction time measurements were converted into a probability distribution 
by use of the following equation: 
𝑃(𝑡) =
𝜉′(𝑡)
𝜉
          (1) 
where ξ'(t) is the number of samples that nucleated before time t, and ξ is the total amount of 
replicates at the studied conditions. 
For a system following a Poisson distribution, the probability P(t) of detecting crystals at time t 
can be related to the mean induction time τ as:4,27 
𝑃(𝑡) = 1 − 𝑒𝑥𝑝 (−
𝑡
𝜏
)                  (2) 
Eq 2 is valid as long as the detection delay is sufficiently small compared to the mean 
induction time. Especially for slow growing compounds or for detection methods based on 
sample turbidity, the probability distributions tend to be shifted in the time axis. Previous work 
accounted for this shift by defining the time for appearance of the nucleus as the time at which 
nucleation is detected minus the detection delay.17,28 Eq 2 has been modified in a similar way: 
𝑃(𝑡) = 1 − 𝑒𝑥𝑝 (−
𝑡−𝑡𝑑
𝜏
)                  (3) 
where td is the average detection delay at the experimental conditions. The values of τ and td 
were obtained from linear regression using the logarithmic form of eq 3. 
 
 
 11 
 
RESULTS 
 
Supersaturation effect on crystallization kinetics. In the first set of experiments, induction 
times were measured at different supersaturations for the aqueous solutions of the two model 
compounds. The obtained probability distributions and the fitted kinetics are reported in Figure 3 
and Table 1, respectively. 
 
Figure 3. Cumulative probability distributions of induction times for aqueous solutions of 
glycine (a) and L-arginine (b) at different supersaturations. Each point represents the observed 
induction time of an independent crystallization experiment. The solid lines are the theoretical 
distributions based on the fit to eq 3. Sample volume: 1.40 ml. Mixing: 300 rpm. Temperature: 
25 ˚C. 
The observed induction times follow a Poisson distribution throughout the experiment time 
frame, giving a good fit (r2 > 0.98) to the logarithmic form of eq 3. As expected, higher 
supersaturations lead to shorter induction times. The increased rate of primary nucleation is 
graphically observed from the slope of the distributions and quantified as drop in the mean 
induction time. The mean detection delay is graphically observed from the intercept of the plots 
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with the time axis. Higher supersaturations lead to faster rates of nucleation and crystal growth, 
effectively lowering the time required to achieve the minimum detectable turbidity.  
Table 1. Fitted mean induction times (τ) and detection delays (td) for different suprersaturation 
ratios (S), including 95% confidence intervals from linear regression.  
 S (25 ˚C) τ (min) td (min) r2 
Glycine 1.20 305 ± 12 51 ± 7 0.987 
1.23 111 ± 3 28 ± 3 0.991 
1.26 103 ± 3 5 ± 3 0.986 
1.31 25 ± 1 1 ± 1 0.987 
 1.42 10 ± 0 -1 ± 1 0.966 
L-arginine 1.23 111 ± 4 11 ± 4 0.980 
1.29 64 ± 2 9 ± 2 0.987 
1.35 37 ± 1 7 ± 1 0.986 
1.46 31 ± 1 1 ± 1 0.983 
 1.58 14 ± 0 0 ± 1 0.982 
 
Crystallization with continuous air injection. Induction times were measured on samples 
with constant supersaturation and mixing, using the setup illustrated in Figure 1 and a continuous 
feed of saturated air. The air flow rates at the different experiments were determined in 
bubbles/min from the recorded video files of 40 random replicates. Using the outer diameter of 
the injection tubing as a reference, the mean bubble size was determined to be 2.1 mm. Then, the 
flow rate was converted from bubbles/min to μl/min assuming that the bubbles have a consistent 
size and a spherical shape. None of the samples presented foaming during the experiments with 
air injection. 
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The obtained XRPD data for the filtered crystals can be found in supporting information. 
Throughout the experiments in this block, both compounds crystallized in the same form 
regardless of the air flow rate. These forms are α-glycine and L-arginine dihydrate. For the 
experiments with glycine-water and air injection at 650 μl/min, traces of γ-glycine were found in 
one of the measurements. This is the most stable form thermodynamically, but it is rarely 
obtained at a neutral pH.29 The probability of obtaining γ-glycine is very small at these 
conditions, but nucleation of this form is still possible. Since crystallization of γ-glycine was not 
reproducible, the observation was attributed to this existing low probability.  
 
Figure 4. Cumulative probability distributions of induction times for aqueous solutions of 
glycine (a) and L-arginine (b) at different air flow rates. Each point represents the observed 
induction time of an independent crystallization experiment. The solid lines are the theoretical 
distributions based on the fit to eq 3. The distributions for L-arginine at air flow rates of 1500 – 
2100 μl/min exhibit a sudden slope change at time = 15 min, indicating the appearance of a 
second regime with a lower frequency of nucleation. Sample volume: 1.40 ml. Mixing: 300 rpm. 
Temperature: 25 ˚C. Supersaturation: 1.20 (glycine) and 1.23 (L-arginine). 
The observed induction times are reported in Figure 4. These results show that air injection had 
a positive effect on primary nucleation for glycine solutions, giving a 4-fold decrease in the mean 
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induction time for an air flow rate of 1200 μl/min. The effect on primary nucleation is directly 
related to the flow rate and subject to a minimum value. The smallest studied flow rate (200 
μl/min) showed no detectable differences in the induction times. 
Aqueous solutions of L-arginine show a different behavior with the injection of air. For this 
compound, an air flow rate of 1100 μl/min reduced the detection delay while maintaining a 
constant induction time. This behavior indicates that, despite the primary nucleation rate is 
independent of air injection at these conditions, the rates of secondary nucleation and crystal 
growth are still enhanced.  
Flow rates at or above 1500 μl/min gave distributions with two different regimes separated by 
a sudden slope change at t = 15 min. The appearance of a second regime would be expected if a 
fraction of the samples had a significantly different primary nucleation rate. In the previous set of 
experiments (Figure 3), similar distribution slopes were obtained with a single regime by 
increasing the supersaturation of the samples. Thus, this behavior is exclusive for the 
experiments with air injection. 
Multiple nucleation rates have been previously attributed to variations in the concentration of 
active sites between replicates, coming from different distributions of impurities or differenciated 
surface properties in the solids present in the samples.14,30,31 In this work, variations in the 
amount of nucleation sites were prevented by using the same tubes for all the experiments as 
well as preparing samples from the same stock solution. XRPD data also shows that both 
regimes gave the same crystal form of L-arginine. Thus, crystallization of multiple polymorphs 
has been discarded to explain the appearance of a second regime. 
The multiple regime behavior was accompanied by the observation of crystals at the injection 
point of some samples 5 - 10 min after quenching (see Figure 5). This phenomenon was only 
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observed at the start of the experiments and for flow rates above 1200 μl/min. It could be 
explained as consequence of crystal formation during the pre-heating step. Before crash cooling, 
saturated air is being injected at 25 ˚C to the undersaturated solution at 50 ˚C. When the air flow 
rate is high enough, local evaporation combined with cooling could lead to the formation of 
small crystals at the tube tip. These crystals would then grow as the bulk solution becomes 
supersaturated.  
Formation of crystals during the pre-heating step would be able to explain the multiple regime 
behavior of the distributions. Neither the formation of crystals at the tube tip nor the multiple 
regime were observed at flow rates below 1500 µl/min, presumably because heat transfer and 
evaporation rate are not sufficient to maintain a local supersaturation during the pre-heating step. 
 
Figure 5. L-arginine crystal blocking the air injection point a few minutes after crash cooling.  
To account for this phenomenon, the average induction times were determined only from the 
slope of the second regime. Assuming that the source of the first crystal does not significantly 
affect the rate of turbidity build-up, the average detection delay could be obtained from linear 
regression of the observed induction times within the first 15 min. Note that the accuracy of 
these calculations is severely lowered. The impact of temperature variations between sample 
cells and surface variations in the tubing was previously included in the reference samples. 
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However, when data fitting is separated in two time frames, the samples with the lower 
temperatures and higher surface irregularities in the tubing are more likely to fall within the first 
slope, affecting the slope of the second half of the distribution. The experimental results obtained 
with this method should therefore lead to conclusions only if the observed induction times show 
a strong deviation from the reference values. The fitted induction times and detection delays are 
summarized in Table 2. 
Table 2. Fitted mean induction times (τ) and detection delays (td) for the experiments with air 
injection, including 95% confidence intervals from linear regression. 
 
Flow rate 
(μl/min) 
Weight loss 
(%) 
τ (min) td (min) r2 
Glycine 0 0.15 ± 0.08 128 ± 5 69 ± 7 0.976 
195 ± 56 0.16 ± 0.10 149 ± 4 42 ± 4 0.991 
651 ± 89 0.25 ± 0.11 67 ± 2 11 ± 3 0.981 
1237 ± 182 0.51 ± 0.23 36 ± 1 13 ± 2 0.977 
L-arginine 0 0.22 ± 0.12 78 ± 3 15 ± 2 0.986 
1110 ± 150 0.34 ± 0.13 72 ± 2 0 ± 2 0.987 
1544 ± 287 0.37 ± 0.17 88 ± 5 3 ± 1 0.974 - 0.973 
2111 ± 397 0.43 ± 0.18 97 ± 11 3 ± 0 0.975 - 0.956 
Multiple r2 values come from linear regression on the first and the second regime, respectively. 
A common trend for both compounds is a significant reduction in the detection delay with air 
injection. Interestingly, the detection delay stops decreasing after a certain flow rate. The 
minimum detection delay was not observed for the experiments at variable supersaturation 
(Figure 3), where induction times and detection delays always decreased together. 
The impact of air injection on solvent evaporation is calculated from the difference between 
the weight loss at the end of the experiment and that of the reference samples. By pre-saturating 
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the air at the solution temperature, the average weight loss from solvent evaporation is kept 
below 0.36% in glycine solutions. Note that the weight loss is measured after 5 hours of gassing. 
However, 75% of the samples with this weight loss crystallized within the first hour. The amount 
of solvent evaporated at the point of nucleation is thus negligible. Based on the observed weight 
losses, it is safe to assume that the effect of air injection on glycine solutions goes beyond 
solvent evaporation.  
The impact of mixing on induction times. To achieve a better understanding on the  
sensitivity of the system to changes in the mixing intensity, induction time measurements were 
conducted at constant supersaturation with agitation rates of 500 rpm and 700 rpm. Results are 
summarized in Figure 6 and Table 3. 
 
Figure 6. Cumulative probability distributions of induction times for aqueous solutions of 
glycine (a) and L-arginine (b) at constant supersaturation and different mixing intensities. Each 
point represents the observed induction time of an independent crystallization experiment. The 
solid lines are the theoretical distributions based on the fit to eq 3. Sample volume: 1.40 ml. 
Temperature: 25 ˚C. Glycine supersaturation: 1.20. L-arginine supersaturation: 1.23. 
Mixing can enhance the rate of primary nucleation by promoting contact between solute 
molecules in solution, thus increasing the probability that a cluster with critical size is formed. 
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However, it does not always have a positive effect. Previous work has shown that certain mixing 
intensities can lead to destabilization and breakage of the solute clusters.32,33 Our  results show 
that increasing the impeller speed from 300 rpm to 500 rpm produced a 2-fold decrease in the 
induction time for both compounds, but the effect of a higher mixing intensity (700 rpm) was 
barely noticeable. The investigated mixing intensities belong to the transitional mixing regime 
with impeller Reynolds numbers between 300 and 900. Thus, the observed change in behavior 
from 500 rpm to 700 rpm is not a consequence of a change in the mixing regime. 
Table 3. Fitted mean induction times (τ) and detection delays (td) for different mixing intensities, 
including 95% confidence intervals from linear regression. 
 
Mixer speed 
(rpm) 
τ (min) td (min) r2 
Glycine 300 305 ± 12 51 ± 7 0.987 
500 142 ± 4 43 ± 4 0.991 
700 132 ± 4 38 ± 5 0.986 
L-arginine 300 111 ± 4 11 ± 4 0.980 
500 64 ± 4 5 ± 3 0.987 
700 51 ± 1 7 ± 1 0.986 
 
DISCUSSION 
Effect of gas injection on primary nucleation. Results with aqueous glycine solutions show 
a 4-fold reduction in the mean induction time with the injection of saturated air. As supported by 
the large number of replicates and the measured weight losses, this effect goes beyond sample-
to-sample variability and solvent evaporation. Enhancement of the primary nucleation rate was 
dependent on the air flow rate, and showed no detectable changes at 200 μl/min. The underlying 
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mechanism is presumably related to the perturbation of the supersaturated solution, which would 
be giving the required energy input for nucleation. This perturbation increases with the air flow 
rate and it would explain the observed correlation between induction times and injection flow 
rates. Results for L-arginine indicate that the mechanism goes beyond the increased mixing 
intensity. Despite both compounds were equally sensitive to increased stirring speeds, L-arginine 
showed no correlation between the air flow rate and the mean induction time. Were the effect of 
gas injection explained solely through the additional mixing intensity, both compounds would 
have shown a similar behavior to the application of air. The effect is thus related to changes in 
the mixing pattern or local perturbations from bubble collapse. 
Alternatively, cluster stabilization at the gas-liquid interphase could have reduced the 
activation energy for nucleation if the air bubbles were acting as a heterogeneous nucleation site. 
The total gas-liquid interphase area increases with the flow rate, thus reducing the mean 
induction time. Since the effect was only observed for one of the two compounds, this 
mechanism could be sensitive to the system composition. 
Mechanism for turbidity build-up. After formation of the first nuclei, the time required for 
achieving a certain turbidity depends on the combined rates of primary nucleation, secondary 
nucleation and crystal growth. The contribution of primary nucleation can be studied from the 
average induction times. Taking the experiments with glycine and an air injection of 650 μl/min 
as an example, the value of τ indicates that a primary crystal is formed, on average, every 67 
minutes. However, the mean detection delay for this experiment is 11 minutes. Considering the 
much lower value of the detection delay and the fact that building a detectable turbidity requires 
a large amount of crystals, it is assumed that primary nucleation has a negligible contribution on 
turbidity after the first crystal is formed. In most of our samples, turbidity is expected to originate 
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from a chain of crystal growth and secondary nucleation events. From the small rates of primary 
nucleation, this chain could have originated from a single crystal. This single nucleus mechanism 
was experimentally demonstrated in a similar system by Kadam et al.34  
Effect of gas injection on crystal growth and secondary nucleation. Results from this work 
demonstrate that air injection is capable of producing a significant drop in the detection delay 
after the first nucleation event. This behavior was consistent for the two model systems and, in 
both cases, it is higher than the one observed for increased mixing intensities. In contrast with a 
faster impeller speed, the effect of gas flow in secondary nucleation could be explained by a 
change in the mixing direction. The stirring bar provides radial mixing in the sample. With 
higher agitation speeds, the formed crystals are expected to follow the liquid stream and collide 
mostly with the impeller and the vial walls. For the experiments with air injection, the upward air 
flow introduces axial mixing and thus perturbations in the mixing pattern. These perturbations 
become more important at higher gas flow rates, as they would increase the collision frequency 
between crystals and promote secondary nucleation. Higher liquid velocities are also expected 
after bubble collapse, which would promote collisions between nearby crystals.  
In addition, were the growth rate in the system limited by diffusion, the improved mass 
transfer would have a positive effect on crystal growth. Bigger crystals not only contribute to a 
higher turbidity, but they are also more prone to sedimentation, thus increasing the contact 
frequency with the impeller and the rate of secondary nucleation.  
The observed detection delays stop decreasing after a certain flow rate. This minimum 
detection delay was not observed for the experiments at variable supersaturation, where a 
reduction in the mean induction time was always paired with a drop in detection delay. The 
observed minimum on the detection delay is a consequence of a rate limiting factor. This factor 
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is presumably crystal growth limited by surface incorporation, which would not be affected by 
the flowing gas in the system. The high detection delays observed for the glycine samples would 
be supported by the typically slow growth kinetics of this compound, especially at low 
supersaturations.35 Alternatively, the effect of gas injection on secondary nucleation could be 
highly sensitive to the suspension density in the system. When the crystals are originated from a 
single primary nucleation event, the effect of air flow on crystal collision will be negligible until 
a sufficient amount of crystals is present in the samples.  
 
CONCLUSIONS 
As an approach for a better understanding of the effect of a flowing gas on nucleation and 
growth kinetics, we have evaluated the effect of continuously injecting saturated air on the 
observed induction times for two model compounds. Results were analyzed on the basis of 
probability distributions with independent determination of the mean induction time and 
detection delay. We have shown that gas injection can have a positive effect on primary 
nucleation that is dependent on the gas flow rate. Comparing the effects of gas injection with the 
compound sensitivities to increased agitation rates, it is presumed that the effect goes beyond 
higher agitation intensities in the sample. Perturbations from the bubble flow and collapse or the 
presence of the gas-liquid interphase would have had an effect on the primary nucleation rate.  
The detection delay dropped with air injection for the two model compounds, indicating that 
this technique has an effect on the rates of secondary nucleation or diffusion limited crystal 
growth. A minimum detection delay is observed for both compounds, indicating the presence of 
a rate limiting factor in turbidity build-up. This factor is presumably crystal growth limited by 
surface incorporation.   
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Synopsis: 
Injection of saturated air was investigated as a method to enhance crystallization kinetics in batch 
crystallizers. The impact on primary nucleation was studied independently from the impact on 
turbidity build-up after the first nucleation event. Results show a consistently faster turbidity 
build-up for two model compounds, and an effect on primary nucleation that depends on the gas 
flow rate. 
 
